The long terminal repeat (LTR) of human T-cell leukemia virus type 1 (HTLV-1) has two distinct DNA elements, one copy of TRE2S and three copies of a 21-bp sequence that respond to the viral trans-activator protein, Tax. Either multiple copies of the 21-bp sequence or a combination of one copy each of TRE2S and 21-bp sequence is required for efficient trans activation by Tax. In the trans activation of multiple copies of 21-bp sequence, CREB/ATF protein plays an essential role in forming a complex with Tax. To understand the role of TRE2S in trans activation of one copy of 21-bp sequence, we examined protein binding to the DNA elements by DNA affinity precipitation assay including Gli2 protein binding to TRE2S and CREB protein binding to 21-bp sequence. Binding of CREB to a DNA probe containing both elements, TRE2S-21bp probe, was dependent on Gli2 protein under restricted conditions and was enhanced in a dose-dependent fashion by the binding of Gli2 protein to the same probe. Mutation in either element abolished the efficient binding of CREB. A glutathione Stransferase fusion protein of a fragment of Gli2 was able to bind to CREB. Therefore, Gli2-CREB interaction on the DNA probe is proposed to stabilize CREB binding to DNA. Tax can bind to CREB protein on the DNA; therefore, stabilization of DNA binding of CREB results in more recruitment of Tax onto DNA. Conversely, Tax increased the DNA binding of CREB, although it had almost no effect on the binding of Gli2. These results suggest that Gli2 binds to the DNA element and interacts with CREB, resulting in more recruitment of Tax, which in turn stabilizes DNA binding of CREB. Similar cooperation of the protein binding to TRE2S-21bp probe was also observed in nuclear extract of an HTLV-1-infected T-cell line. Consistent with the Gli2-CREB interaction on the DNA elements, Tax-mediated trans activation was dependent on the size of the spacer between TRE2S and 21-bp sequence. The effective sizes of the spacer suggest that TRE2S in the LTR would cooperate with the second and third copies of the 21-bp sequence and contribute to trans activation of the viral gene transcription.
Infection with human T-cell leukemia virus type 1 (HTLV-1) (21, 33) is etiologically associated with adult T-cell leukemia (34) and tropical spastic paraparesis (10, 19) . Patients with these diseases have serum antibodies against HTLV-1 proteins, indicating persistent expression of HTLV-1 in individuals. The mechanisms of the viral gene expression and replication are thus important issues in understanding its pathogenesis and possibly controlling the diseases.
Gene expression of retroviruses is regulated by cis elements in the long terminal repeats (LTRs) at both termini of the proviral genome. HTLV-1, however, has a unique regulatory system to enhance its own gene expression: HTLV-1 transcription is trans activated by its own product, Tax (4, 6, 25, 26) , responding to three repeats of 21-bp sequence in the LTR (7, 24) , and TRE2S (18, 30, 31) . Reconstitution experiments have revealed that at least two direct repeats of the 21-bp sequence alone are sufficient for efficient activation by Tax (7, 20, 24) ; however, one copy of the 21-bp sequence is activated only weakly. In the activation of multiple copies of the 21-bp sequence, Tax protein does not bind to DNA directly but binds to CREB (cyclic AMP response element binding protein), which specifically binds to the 21-bp sequence (27, 35) . Tax, on the other hand, binds to CBP (CREB binding protein) and forms a transcriptionally active complex, 21bp-CREB-Tax-CBP, without phosphorylation of CREB at the specific site (16, 17, 27, 35) .
On the other hand, another element termed TRE2S was proposed to contribute to trans activation induced by Tax (1) . However, the TRE2S element requires the 21-bp sequence to respond to Tax protein (18, 30, 31) ; furthermore, TRE2S alone was totally inactive even in its multiple form (30, 31) . TRE2S, therefore, seems to have a unique property as an enhancer, although enhancers are generally active in a multiple form. As binding proteins for TRE2S sequence, the Gli2 family of GliKrüppel family proteins with zinc finger motifs, including four isoforms (␣, ␤, ␥, and ␦), was isolated (30) . The Gli2 proteins show high homology with Gli1 and Gli3 in their zinc finger motifs (14, 22) . The Gal4 fusion protein of Gli2 isoforms enhanced gene expression from a reporter carrying the Gal4-binding site and the 21-bp sequence in the presence of Tax, but not in the absence of Tax. These previous observations suggest that binding of Gli2 to TRE2S is involved in Tax-mediated trans activation cooperating with 21-bp sequence (31), implying that another cellular signal may control HTLV-1 gene expression in addition to that through 21-bp sequence.
To understand the mechanism of the cooperation between TRE2S and the 21-bp sequence in the LTR during trans activation induced by Tax, we analyzed the binding of Gli2, CREB, and Tax to DNA elements by DNA affinity precipitation (DNAP) assay. We demonstrated that Gli2 binding enhances the binding of CREB proteins to DNA elements, which enables recruitment of more Tax on the DNA. Interaction between Gli2 and CREB was also directly demonstrated without DNA. Consistent with the Gli2-CREB interaction on the DNA elements, the distance between TRE2S and 21-bp sequence affected the trans activation induced by Tax protein. From these results, we proposed that the binding of Gli2 to CREB bound to the respective DNA element stabilizes the complex and enhances recruitment of Tax onto the complex forming Gli2-CREB-Tax, and Tax in turn stabilizes the DNA binding of CREB protein. These protein interactions of Gli2, CREB, and Tax would be the mechanism of the trans activation of transcription in the presence of Tax.
MATERIALS AND METHODS
Cells and plasmids. FL cells, a human amnion cell line, and 293T cells, an adenovirus-transformed human embryonic kidney cell line carrying simian virus 40 large T antigen, were maintained in Dulbecco's modified Eagle medium supplemented with 5% fetal calf serum. Hut102 cells, a T-cell line infected with HTLV-1, were maintained in RPMI 1640 with 10% fetal calf serum. A reporter plasmid, pTK-Luc, containing a basic promoter of thymidine kinase which is linked to the luciferase gene, and pUCdN55-CAT, carrying the promoter region of HTLV-1 LTR, from which enhancers were deleted, were previously described (31) . Into these basic constructs, TRE2S, consisting of 25 bp (31) and the 21-bp sequence, was inserted, constructing pTRE2S-(n)-21bp-TK-Luc. pTRE2S-TKLuc and p21bp-TK-Luc were also constructed as controls. Another series with the HTLV-1 promoter and chloramphenicol acetyltransferase (CAT), dN55-CAT, was similarly constructed. Between the TRE2S sequence and the 21-bp sequence of these reporters, spacer sequences of specified length (see Fig. 5 ) were inserted. Expression vectors, pCG-Tax (8), pCG-d3 (27) , pCG-Gli2␤ (30), and pHisT-pET (13) , for bacterial expression were previously described. Mutations in TRE2S and 21-bp sequence were as follows: TRE2S, CCGGGAAG CCACCGGGAACCACCCA; TRE2M, CCGGGAAGCCACCGGGAACAAA TTA; 21-bp sequence, AGGCGTTGACGACAACCCCTG; 21-M, AGGCGTA CACGACAACCCCTG.
Transfection and assays for CAT and luciferase. The reporter and effector plasmids were transfected into 5 ϫ 10 5 FL cells according to the calcium phosphate procedure, adjusting the total DNA to 10 g with salmon sperm DNA as described previously (6) . For the expression of Tax, 0.05 g of pCG-Tax was cotransfected. After 40 h, cells were harvested and subjected to assay for CAT or luciferase activity as described previously (6) . Under the conditions used, the activity was linearly proportional to the incubation time and the protein concentration. The assay was repeated at least twice to confirm reproducibility. CAT activity was defined as percent acetylation of chloramphenicol per 100 g of protein in 30 min at 37°C, and luciferase activity was expressed as arbitrary units as previously described (6) . DNAP assay. CREB and Tax used in the assays were histidine-tagged proteins produced in Escherichia coli and purified as described previously (13) . Nuclear extracts (NEs) of 293T cells and Hut102 cells were prepared according to Dignam's method (3). The expression plasmid for Gli2␤ was transfected into 293T cells by the calcium phosphate procedure (7) . After 48 h, cells were suspended in hypotonic buffer (20 mM HEPES-NaOH [pH 7.9], 5 mM KCl, 0.5 mM MgCl 2 , 0.5 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride, 1 g of aprotinin per ml, 1 g of pepstatin per ml, 1 g of leupeptin per ml) and homogenized in a Dounce homogenizer. Nuclei were pelleted and extracted with a high-salt buffer (20 mM HEPES-NaOH [pH 7.9], 25% [vol/vol] glycerol, 500 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1 g of aprotinin per ml, 1 g of pepstatin per ml, 1 g of leupeptin per ml). The extract was dialyzed against a buffer (20 mM HEPES-NaOH [pH 7.9], 80 mM KCl, 0.5 mM MgCl 2 , 10 mM ZnSO 4 , 0.5 mM DTT). DNA probes carrying TRE2S and/or the 21-bp sequence were generated by PCR with biotinylated primers as described previously (27) .
Typical DNAP assays were carried out in a total volume of 400 l basically as follows unless otherwise specified. DNA probe (10 ng) was incubated at 25°C for 10 min with Gli2-containing NE (100 g of protein unless otherwise specified), His-CREB (20 ng), and/or His-Tax (10 ng). DNA-protein complex was isolated by addition of Dynabeads M-280-streptavidin (Dynal), and half or one-third of the isolated complexes was subjected to each immunoblot analysis with rabbit anti-Gli2 (31), anti-CREB (27) , or anti-Tax antibodies (15) . For the analysis with the HTLV-1-infected T-cell line (Fig. 5 ), increased doses of the components were used: 200 g of protein of NE and 20 ng of DNA probe; furthermore, total complexes isolated were applied to a single gel for immunoblot analysis. Therefore, the sensitivity of the experiments with infected cell lines was nearly 10-fold higher than that of those with transfected cells The bands were visualized with protein A-conjugated horseradish peroxidase and an enhanced chemiluminescence detection system (Amersham Co. Ltd.). The density of each band was measured by scanning the film with BASTATION software (Fuji Film, Tokyo, Japan). The binding of proteins to DNA-protein complexes was dependent on the dose of Gli2-containing NE and also of CREB, and thus the system reflects the binding capacities of Gli2 and CREB proteins.
In vitro binding of glutathione S-transferase (GST)-Gli2 to CREB. An expression plasmid of the fusion protein, GST-Gli2␤(1-521), was constructed by inserting an N-terminal fragment of Gli2␤ cDNA that codes for amino acids 1 to 521 into a vector, pGEX. pGEX-Gli2␤(1-521) was introduced into E. coli, and the production of GST-Gli2␤(1-521) was induced by addition of 1 mM isopropyl-␤-D-thiogalactoside (IPTG). The cells were collected and lysed by sonication in phosphate-buffered saline containing Triton X-100. The lysates were mixed with glutathione-conjugated Sepharose beads (Pharmacia, Piscataway, N.J.), and the complexes were isolated. The GST-Gli2␤(1-521) conjugated with the beads was then incubated with purified CREB protein as previously described (12) . The GST fusion proteins on the beads were collected and subjected to immunoblot analysis with anti-CREB antibody (27) .
RESULTS
Cooperative DNA binding of Gli2 and CREB. We have previously reported that a combination of TRE2S and 21-bp sequence was trans activated by Tax protein but either element alone was not (30) . The proteins that bind to TRE2S are Gli2 proteins (30) , new members of the Gli-Krüppel protein family related to the previously reported THP (31) , and the proteins that bind to 21-bp sequence are CREB/ATF (27) . The requirement for these two DNA elements in trans activation induced by Tax protein suggests specific interaction of these proteins bound to each element. To examine this possibility, DNA binding capacities of Gli2 and CREB proteins were analyzed. As a protein source of Gli2␤, a long isoform of Gli2, an NE of 293T cells transfected with Gli2␤ expression vector was used, since production of Gli2␤ in E. coli was unsuccessful. A biotinylated DNA probe was incubated with increasing doses of Gli2␤ and CREB, and then the DNA-protein complexes were isolated by means of streptavidin beads. The isolated complexes were analyzed by immunoblotting with antibodies against Gli2 or CREB protein (Fig. 1) .
When the DNA probes contained both TRE2S and 21-bp sequence, increasing doses of Gli2␤ and CREB resulted in greater binding of the respective proteins to the DNA elements (Fig. 1A) . The results revealed that the assay system is dependent on the dose of each protein and thus reflects total binding capacities of the proteins in the system. NE of untransfected cells contained Gli2 and CREB proteins; however, no significant bindings of these endogenous proteins were observed (lane 1), probably due to their low levels in the reaction mixture. The binding of Gli2␤ was not significantly affected by increasing doses of CREB (lanes 4 to 6, 7 to 9, and 10 to 12), but the binding of CREB was enhanced by increasing doses of Gli2␤ (lanes 5, 8, and 11 and 6, 9, and 12). Furthermore, with a low dose of Gli2␤ (Fig. 1A, lanes 1 to 3) , CREB did not bind to DNA at significant levels under the conditions used. Total protein in each reaction was adjusted to 100 g by adding an NE of untransfected cells; therefore, these observations exclude any possible contribution of other endogenous proteins to the observed binding of CREB. We further suspected a possibility that Gli2␤-induced proteins might be involved in the CREB binding through the TRE2S element. However, any other specific binding protein was detected in addition to Gli2␤ by gel electrophoresis of DNA-protein complexes followed by silver staining (data not shown). Therefore, it is highly unlikely that any Gli2␤-induced protein affected the DNA binding of CREB. We thus concluded that there was cooperative binding of Gli2␤ and CREB to the DNA probe.
To substantiate the cooperative binding of Gli2␤ and CREB, a mutation was introduced into either TRE2S or the 21-bp sequence (Fig. 1B) . When a mutation was introduced into TRE2S, both Gli2␤ and CREB no longer bound to the DNA (lanes 5 to 8). On the other hand, when the 21-bp sequence was mutated, the binding of Gli2␤ was not affected significantly, but the binding of CREB was markedly reduced (lanes 9 to 12). Two DNA elements, therefore, are both indispensable for the efficient binding of CREB to the DNA probe in cooperation with Gli2␤.
The possible interaction of Gli2␤ with CREB without DNA was examined with GST fusion protein of Gli2. A fragment of Gli2␤ (amino acids 1 to 521) fused to the GST domain was produced in E. coli, purified, and used for the binding to CREB protein. As shown in Fig. 2 , CREB protein bound to GST-Gli2␤ but not to the GST domain alone. These observations clearly indicate that Gli2␤ can bind to CREB without DNA motifs.
Effects of Gli2 and CREB on association of Tax with DNA. As described above, Gli2␤ binding to TRE2S-21bp enhanced the binding of CREB. Previously, CREB protein has been shown to recruit Tax protein onto the repeated 21-bp elements, and Tax in turn stabilizes the CREB-DNA complex (27, 35) . Therefore, we examined the effect of Gli2 on recruitment of Tax onto TRE2S-21bp probe. As shown in Fig. 3 , the presence of both Gli2 and CREB induced greater binding of Tax (Fig. 3A, subpanel c, lane 8) than did the presence of either protein alone (Fig. 3, lanes 6 and 7) . Since CREB binding was enhanced by Gli2 (Fig. 3A, subpanel b , lanes 2 and 4 and 6 and 8), it is conceivable that Gli2 bound to TRE2S interacts with CREB, enhances CREB binding to DNA, and results in greater recruitment of Tax. Furthermore, addition of Tax to the binding system enhanced the binding of CREB to DNA ( 
was incubated with purified His-CREB and an NE of 293T cells transfected with a Gli2␤ expression vector (NE-Gli2) or untransfected cells (NE)
. DNA-protein complexes were then isolated, the complexes were divided into two portions, and each was separately subjected to immunoblot analysis with rabbit anti-Gli2 or anti-CREB antibodies. The numbers 10 to 40 for NE-Gli2 or 60 to 100 for NE indicate total protein (micrograms) of each NE, and ϩ1 and ϩ3 for CREB roughly correspond to 20 and 50 ng of purified His-CREB, respectively. Open and hatched boxes with arrows represent TRE2S and 21-bp sequence, respectively, and those with asterisks represent their mutants. Numbers at right show molecular mass in kilodaltons.
FIG. 2.
Binding of Gli2 fragment to CREB protein without DNA. A GST fusion protein of a fragment of Gli2 containing amino acids 1 to 521 (asterisk) was incubated with CREB, and the complexes formed were isolated with glutathione-Sepharose beads. The isolated proteins were analyzed by immunoblotting with anti-CREB antibody. Assays for DNA binding of proteins were carried out as described for Fig. 1 . Plus signs for Gli2, CREB, and Tax or d3 represent roughly 100 g of total NE and 20 and 10 ng of purified protein, respectively. One-third each of the isolated complexes was separately subjected to immunoblot analysis with anti-Gli2, anti-CREB, or antiTax antibody. Numbers at right show molecular mass in kilodaltons. (B) Taxmediated trans activation of gene expression directed by TRE2S and 21-bp sequence. CAT activity is expressed as the ratio to that with reporter alone without Tax or mutant d3 of Tax. Wt, wild type. cannot bind to CREB (27) , d3, was not bound significantly to the DNA-protein complex even in the presence of CREB (Fig.  3A, subpanel d, lanes 11 and 12) . Consistent with these observations, mutant d3 was completely inactive in trans activation of gene expression directed by TRE2S-21bp (Fig. 3B) . These results suggest that recruitment of CREB and Tax onto DNA elements by Gli2 binding and stabilization of the complex by Tax is the mechanism of Tax-mediated trans activation of one copy of the 21-bp element.
A noteworthy result is that Tax was detected in the DNAprotein complex even without detectable binding of CREB (Fig. 3C, lane 7) . This result suggests that Gli2 may be able to bind to Tax. However, the significance of the putative interaction is not convincing because the binding was variable from one assay to another, suggesting a rather weak interaction.
Cooperative binding of Gli2␤, CREB, and Tax in vivo. To confirm the cooperative binding of Gli2␤, CREB, and Tax to DNA in HTLV-1-infected cells, DNAP assay was carried out with an extract from an HTLV-1-infected cell line, Hut102. The DNA probe with the 21-bp sequence alone precipitated only low levels of CREB and Tax (Fig. 4, lane 1) , as expected from the previous findings. The TRE2S probe alone precipitated Gli2␤ and a low level of Tax but not CREB (lane 2). One might expect binding of CREB to the TRE2S probe since CREB can bind to Gli2 without 21-bp sequence, as shown in Fig. 2 ; however, CREB binding was not detectable in this assay (lane 2), probably due to the low level of CREB protein in the NE used. Mixed probes of the 21-bp sequence and TRE2S gave a pattern similar to the sum of lanes 1 and 2 as expected (lane 3), indicating no cooperation in the protein binding. However, when the DNA probe carried both the 21-bp sequence and TRE2S, CREB and Tax proteins were precipitated at much higher levels than with the mixed probes (4.1-and 6.0-fold, respectively) (lane 4). These increased levels of binding of CREB and Tax on the DNA probe can be explained by the cooperation of Gli2, CREB, and Tax on the DNA elements in HTLV-1-infected cells. Although possible involvement of proteins other than Gli2 cannot be ruled out rigorously in this type of experiment, the cooperative binding of Gli2, CREB, and Tax that is observed in the reconstituted system was strongly suggested also for naturally infected T cells.
Spacing effect of TRE2S and 21-bp sequence on trans activation. TRE2S and three copies of the 21-bp sequence are aligned in the LTR of HTLV-1 in the order 21bp-21bp-TRE2S-21bp with spacers of 27, 25, and 29 bases (20, 23) (Fig.  5A) . The distances between these elements in the LTR are rather different from the 11-bp spacer in the constructs used in these assays. Therefore, we examined the effect of the distance between these two elements on the expression of the luciferase   FIG. 4 . Binding of Gli2, CREB, and Tax proteins to TRE2S-21bp DNA probe in NE of HTLV-1-infected cell line. The NE (200 g of protein) of Hut102 cells, an HTLV-1-infected T-cell line, was used for a DNAP assay as described above for Fig. 1 , but the total of the DNA-protein complexes isolated was subjected to an immunoblot analysis with a mixture of antibodies against Gli2, CREB, and Tax proteins. The intensity of each band was estimated with BASTA-TION software (Fuji Film), and the ratios to those with mixed probes of 21-bp sequence and TRE2S are also indicated. (Ϫ), too low for significant estimation. Numbers at right show molecular mass in kilodaltons. 5B ) and transfected into FL cells with or without Tax expression vector. The luciferase activity expressed in the absence of Tax was relatively constant among the reporters, but the activity in the presence of Tax varied depending on the length of the spacer (Fig. 5C ). Similar results were also obtained with another promoter with CAT, pTRE2S-(n)-21bp-dN55-CAT, which contained the HTLV-1 promoter region instead of thymidine kinase promoter and luciferase (data not shown). Therefore, the periodical effect of the spacer length was not unique to the TK-Luc reporter. These results suggest that both TRE2S and the 21-bp sequence are required in a stereospecific arrangement on the double-stranded DNA to allow the interaction of two binding proteins, Gli2 and CREB.
The results in Fig. 5C , on the other hand, show that the 29-bp spacer between TRE2S and 21-bp sequence is active in responding to Tax. This clearly suggests that TRE2S and the third copy of 21-bp sequence in the LTR are an active form in the trans activation, since they are in the same order with 29-bp spacer as in the reporter in Fig. 5B . However, the 25-bp sequence between the second copy of 21-bp sequence and TRE2S in the LTR does not fit the active form in Fig. 5C . The alignment of the elements in the reporter was different from that in the LTR; therefore, we next altered the order of TRE2S and 21-bp sequence in the reporter construct. The alteration with a 20-bp spacer reduced the trans activation markedly. However, extension of the spacer from 20 to 24 bp, which is close to the size of the 25-bp sequence in the LTR, almost restored the activity (Fig. 5D) . These results support the idea that the second copy of the 21-bp sequence in the LTR also cooperates with TRE2S in trans activation.
DISCUSSION
The LTR of HTLV-1 has two types of cis-acting transcriptional elements, TRE2S and the 21-bp sequence, that respond to Tax. These elements are activated by Tax protein in either a combination of multiple copies of the 21-bp sequence (7, 20, 24) or one copy each of TRE2S and 21-bp sequence (18, 30, 31) . Analyzing the second system with TRE2S-21bp, we found that Gli2 protein binds to TRE2S, enhances the binding of CREB to DNA probe, and finally results in enhanced recruitment of Tax on the DNA elements. The recruited Tax in turn stabilizes the DNA binding of CREB. We propose that this would be a possible mechanism for the Tax-mediated trans activation of one copy of the 21-bp element.
One copy itself of 21-bp sequence is not an efficient target for the binding of CREB protein, which is responsible for the trans activation (27, 35) , and is not efficiently trans activated by Tax (7, 20, 24) . However, when the probe has 21-bp sequence together with TRE2S, efficient binding of CREB to one copy of the 21-bp sequence is achieved by the binding of Gli2 protein to TRE2S adjacent to the 21-bp sequence. Although Gli2 is able to bind to CREB without DNA elements, Gli2 was unable to affect the CREB binding to 21-bp sequence unless TRE2S was present in cis. Therefore, interaction of Gli2 protein with CREB on the DNA elements seems to play a role in increasing the binding of CREB. Because CREB did not enhance Gli2 binding to DNA effectively, it is conceivable that Gli2 binds stably to TRE2S and then interacts with CREB that is bound unstably to the 21-bp sequence in cis.
The proposed interaction on the DNA between two proteins should be specific, since TRE2S was unable to trans activate an NF-B binding site in a TRE2S-NF-B construct (31a). The importance of the proposed interaction of Gli2 with CREB is supported by the finding that Tax-mediated trans activation depends on the distance between TRE2S and 21-bp sequence. Probably, a certain distance and configuration of these two elements are required for the efficient physical interaction of the respective binding proteins.
One of the principles of the Tax-mediated trans activation of 21-bp sequence, NF-B site, and SRE (serum responsive element) is the indirect association of Tax with the DNA element through binding to CREB/ATF (27, 35) , NF-B family proteins (28, 29) , and serum response factor (5, 27) . In our system with TRE2S-21bp, augmentation of CREB binding to DNA by Gli2 resulted in greater recruitment of Tax on the specific DNA. It was reported previously that Tax increased the binding of CREB to multiple copies of 21-bp sequence (2, 32); therefore, it is expected that CREB binding to DNA is enhanced by Tax also in the system with TRE2S-21bp. In fact, CREB binding was enhanced by Tax as well as Gli2 in the TRE2S-21bp system. The importance of CREB-Tax interaction in the trans activation of TRE2S-21bp was also supported by examination of a mutant of Tax; a mutant of Tax, d3, which cannot bind to CREB, was unable to bind to TRE2S-21bp DNA and also unable to trans activate the transcription. Therefore, the principle of the trans activation of TRE2S-21bp would be the same as that for the 21bp-21bp system. That is, Tax protein on CREB has been proposed to recruit another transcription coactivator, CBP/p300, independently from phosphorylation of CREB protein (16) . The cooperative binding of Gli2, CREB, and Tax proteins was also detected in a nuclear extract of HTLV-1-infected T cells, suggesting the cooperation of these proteins in vivo also.
It is reported that a protein in the same family as Gli2 interacts with CREB/ATF on a specific DNA and regulates transcription: YY1, a protein in the Gli-Krüppel protein family, interacts with CREB/ATF on the DNA elements and inhibits the expression of the c-fos gene (9, 11) . This interaction was mediated through the zinc finger motifs (amino acids 347 to 392) of YY1 (37) . The interaction domain has 68% homology with the corresponding region in the zinc finger motif (amino acids 152 to 197) of Gli2. Therefore, the corresponding domain of Gli2 might interact with CREB protein on the DNA. The inhibitory complex of YY1-CREB/ATF on the DNA is disrupted by an adenovirus-transforming protein, E1A (36) , which is an activator of transcription of specific genes. In our system, we found the stabilization of the CREB-Tax complex to occur by adjacent binding of Gli2 to the DNA elements and activation of the transcription. Apparently, the basic strategies of the viral trans activation in these systems are unrelated even though similar proteins are involved in the mechanisms.
It is established that multiple copies of the 21-bp sequence are sufficient for the maximum trans activation by Tax protein. Therefore, three repeats of 21-bp sequence in the LTR could be responsible for trans activation. TRE2S in the LTR is separated by 25 bp upstream from the second 21-bp sequence and by 29 bp downstream from the third 21-bp sequence. Our data indicate that both spacers in the respective orientation are suitable for efficient trans activation and, therefore, suggest an active contribution of the TRE2S element in Tax-induced activation of viral gene expression. Therefore, Tax-mediated trans activation described here is an alternative mechanism for the activation of viral gene expression involving the binding of Gli2 and CREB.
